SPECTRUM OF AMINOGLYCOSIDE ACTIVITY
Aminoglycosides are rapidly bactericidal, concentrationdependent antibiotics with a broad spectrum of activity against Gram-negative and Gram-positive organisms, including those that are multidrug resistant (MDR). Overall, the class has potent activity against Enterobacteriaceae family members (3-7) and is less active against Pseudomonas aeruginosa and Acinetobacter spp. (4, 7, 8) . Furthermore, aminoglycosides are also active against the biothreat pathogens Yersinia pestis, the causative agent of pneumonic plague (9, 10) , and Francisella tularensis, the causative agent of tularemia (11, 12) . Class members also have potent activity against some Gram-positive organisms such as Staphylococcus spp., including methicillin-resistant (MRSA) and vancomycin-intermediate and -resistant Staphylococcus aureus isolates (4) and certain Mycobacterium spp. (13, 14) .
CLINICAL UTILITY OF AMINOGLYCOSIDES Indications
Because of their broad spectrum, aminoglycosides have been used to treat a variety of serious, life-threatening infections and are commonly used as treatment for urinary tract infections, sepsis and neonatal sepsis, and pneumonia (15, 16) . Aminoglycosides are administered for both empiric and directed therapy; and amikacin, gentamicin, and tobramycin are the most commonly utilized today. Specific indications for aminoglycoside therapy include amikacin and gentamicin administered intravenously for infections caused by MDR Gram-negative organisms. Gentamicin, in combination with ampicillin, is the most commonly used empiric therapy in neonatal sepsis (17) . Inhalational tobramycin is utilized for the treatment of pneumonia and chronic P. aeruginosa infections in cystic fibrosis patients, while parental tobramycin is utilized for lower respiratory tract infections, osteomyelitis, and urinary tract infections. Additional uses include topical or oral neomycin for skin infections, oral paromomycin for amebic and parasitic infections, spectinomycin administered intramuscularly for the treatment of gonorrhea, and streptomycin, kanamycin, and amikacin administered intravenously or intramuscularly as second-line therapeutics for tuberculosis (15) . In general, streptomycin, kanamycin, and netilmicin are infrequently used because of clinical resistance (15, 16) .
Streptomycin and gentamicin are also considered firstline therapy for the treatment of infections caused by the biothreat pathogens Y. pestis and F. tularensis. Streptomycin has been the drug of choice for the treatment of bubonic, septicemic, and pneumonic plague caused by Y. pestis, but gentamicin has also been shown to be efficacious in the treatment of plague and is also recommended because of the limited supply of streptomycin (18, 19) . Streptomycin is bactericidal against F. tularensis at concentrations achieved in humans and was the first antibiotic used for the treatment of tularemia; gentamicin is also an effective therapeutic option for tularemia and is suggested for use because of the supply limitations associated with streptomycin (20) .
Associated Toxicities
Nephrotoxicity and ototoxicity are known safety concerns associated with the use of aminoglycosides. In addition, neuromuscular blockade associated with aminoglycosides has also been infrequently reported (21) . Aminoglycosides are readily taken up and retained by proximal tubule cells in the kidney and cochlear cells in the ear and thus can be cytotoxic in these cell types (22) (23) (24) . Although usually reversible, aminoglycoside-induced nephrotoxicity occurs in 5 to 15% of patients on therapy (24) (25) (26) . However, when comparing incidences of nephrotoxicity, it is important to consider that the reported rate may be influenced by the dosing strategy (e.g., once versus multiple daily dosing, use of therapeutic drug management [TDM] ), nephrotoxicity endpoint, frequency of renal function monitoring, and patient population (e.g., severity of illness, comorbidities) evaluated in the clinical trial. Clinically, aminoglycoside-induced nephrotoxicity may manifest as nonoliguric renal impairment accompanied by an increase in plasma creatinine, urea, and other metabolic products typically developing after several days to one week of therapy (25, 27, 28) . Approximately 5% of the intravenously administered aminoglycoside dose is retained in the epithelial cells of proximal tubules after glomerular filtration where they accumulate within endosomal and lysosomal vacuoles (22, 29, 30) . Aminoglycosides induce a variety of morphological and functional changes in these cells, contributing to injury of the kidney and reduced renal function (27) . Strategies to reduce aminoglycoside-induced nephrotoxicity include short-duration, once-daily intravenous dosing, as is discussed in more detail below.
Aminoglycoside-induced ototoxicity can manifest as vestibulotoxicity (balance disorder) and/or cochleotoxicity (tinnitus and/or hearing loss) with intravenous aminoglycoside administration for multiple days, espe-cially if multiple courses of treatment are administered (24, (31) (32) (33) . Ototoxicity prevalence varies from 2 to 25% for cochleotoxicity and 1 to 10% for vestibulotoxicity (24, (31) (32) (33) . Ototoxicity may be permanent, occurs in a dosedependent manner, and is correlated with aminoglycoside blood concentration and duration of therapy; furthermore, patients may be genetically predisposed to ototoxicity via specific mitochondrial or nuclear genome mutations (33) . Gentamicin and tobramycin are considered more vestibulotoxic, and amikacin, neomycin, and kanamycin are considered more cochleotoxic (24) . As described below, proposed strategies to prevent aminoglycoside-induced ototoxicity include altering the aminoglycoside molecule to prevent aminoglycoside entry into hair cells and to interfere with other intracellular mechanisms that are attributed to aminoglycoside ototoxicity, such as the mitochondrial ribosome (24, 33) .
Neuromuscular blockade associated with respiratory depression is linked with aminoglycoside use, although this is rarely observed in the clinic with only anecdotal case reports, often in the postoperative setting (21, 34, 35) . Aminoglycosides induce neuromuscular blockade in animal models where it has been shown to be reversible with calcium administration (36) (37) (38) . Neuromuscular blockade induced by aminoglycosides is hypothesized to be associated with high serum concentrations not typically seen in therapeutic dosing regimens, thus accounting for the rarity of this toxicity observed in clinical practice (34, 36) .
Combination Therapy and Dosing Strategies
Aminoglycosides can be used as monotherapy but are also are commonly administered parentally as combination antibiotic therapy with the goals of broadening the spectrum of coverage in empiric therapy, accelerating pathogen clearance, preventing the development of resistance, and taking advantage of synergistic interactions between certain antibiotics, particularly with the β-lactam class (39, 40) . Aminoglycosides are frequently used in combination with β-lactam antibiotics for empiric treatment of severe hospital-acquired infections, including hospital-acquired pneumonia, ventilator-associated pneumonia, and sepsis, when an MDR pathogen is suspected (41-43).
Short-duration, once daily dosing of aminoglycosides has been demonstrated to be less nephrotoxic than conventional multiple daily dosing regimens (16, 44) . Furthermore, once daily dosing of gentamicin was shown to have no significant neuromuscular blocking effects on respiratory muscle (34) . Higher doses given less often reduce the risk of toxicity while maintaining, and potentially enhancing, efficacy (45) . As previously stated, aminoglycoside nephrotoxicity is linked to aminoglycoside uptake and retention by proximal renal tubular epithelial cells, where they cause cellular damage that leads to decreased renal function. However, this uptake is saturable, and studies have shown that less frequent aminoglycoside administration results in less aminoglycoside uptake and less nephrotoxicity (45) . Additionally, once daily dosing provides a higher ratio of peak concentration of drug to minimum inhibitory concentration (MIC), which allows for rapid bacterial killing, and, as the serum concentration declines between dosing intervals, the kidney cells can recover, while the postantibiotic effect of aminoglycosides ensures that bacterial killing persists (46) . Prolonged directed therapy is generally reserved for specific indications, including infections due to MDR pathogens. In these situations, TDM can be used, particularly in patients with increased risk of nephrotoxicity, so that aminoglycoside dose adjustments can be made based on serum concentrations (47) .
AMINOGLYCOSIDE MECHANISM OF ACTION Uptake
The primary mechanism of action of the aminoglycoside class is inhibition of key steps in bacterial protein synthesis ( Fig. 1) (48, 49) . Aminoglycosides are unique among other protein synthesis inhibitors in that they are bactericidal. All other classes of antibiotics that inhibit protein synthesis, including chloramphenicol, clindamycin, tetracyclines, macrolides, pleuromutilins, and oxazolidinones are bacteriostatic. The bactericidal activity of aminoglycosides is due in part to its method of uptake into the bacterial cell, which is described in more detail below (50) (51) (52) (53) (54) . In addition, aminoglycosides typically produce a prolonged postantibiotic effect (55) . The unique combination of the mechanism of aminoglycoside uptake and inhibition of bacterial protein synthesis lead to concentration-dependent bacterial cell killing.
Aminoglycosides are polycationic, hydrophobic molecules (typically with a molecular weight of ∼450 to 600), that enter bacterial cells in a three-stage self-promoted process (48, 50, 56) . The first stage of aminoglycoside entry occurs via electrostatic binding of the positively charged aminoglycoside molecules to the negatively charged components on the bacterial cell surface and is termed the "ionic binding" phase (Fig. 1A) . For Gramnegative bacteria, this includes binding to lipopolysaccharide (LPS) and phospholipids present in the outer membrane. For Gram-positive bacteria, which lack LPS, this involves binding to phospholipids and teichoic acid. The act of binding to these components results in displacement of divalent cations and increased permeability of the aminoglycoside molecules into the cells, thereby providing access to the periplasmic space (48, 50, 56) .
The second phase of aminoglycoside uptake (energydependent phase I) requires the proton motive force and, as such, can be blocked by inhibitors of electron transport and oxidative phosphorylation (Fig. 1B) (48, 50, 56) . This phase is characterized by the uptake of a small number of aminoglycoside molecules into the cytoplasm in an energy-dependent manner (56) (57) (58) (59) (60) . These molecules begin to induce errors in protein synthesis by generating mistranslated proteins. Mistranslated proteins are hypothesized to cause damage to the cytoplasmic membrane creating nonspecific membrane channels, further facilitating aminoglycoside entry and additional cellular damage. The dependence on the electron transport chain can explain the reduced activity of aminoglycosides under anaerobic conditions and at low pH (50, 57) . The final energy-dependent stage of uptake (energydependent phase II) results in the rapid movement of aminoglycoside molecules into the cytoplasm (Fig. 1C ) (48, 50, 56) . As aminoglycoside molecules accumulate within the cell, inhibition of protein synthesis as well as mistranslation accelerates. This process results in the rapid, concentration-dependent bacterial killing observed with aminoglycosides (48, 50, 56, 61, 62) . Porins are involved in the uptake of several antibiotics (e.g., β-lactams, tetracycline, chloramphenicol, and fluoroquinolones), and loss of or functional changes in these porins leads to resistance, but the role that these channels play in aminoglycoside entry is still unclear (63) (64) (65) (66) (67) . Porins, in particular, OmpF, are hypothesized to play a role in aminoglycoside entry and resistance by some investigators. Although most studies have focused on the role of the Escherichia coli major large porin OmpF (and homologs in other species), some studies have also implicated changes in expression of E. coli OmpC and homologs in the development of resistance (67, 68) . Reduction in OmpF expression in E. coli has been linked to transient kanamycin resistance (69) , and an E. coli mutant completely lacking OmpF was found to be resistant to gentamicin and kanamycin (70) . Aminoglycosides have also been shown to diffuse efficiently through porins reconstituted in vesicle membranes (71) . Taken together, these limited data suggest that OmpF, and potentially other porins, may play a role in aminoglycoside entry and that mutations altering porin expression may lead to altered aminoglycoside susceptibility.
Inhibition of Protein Synthesis
Bacterial protein synthesis involves numerous components and is composed of four key stages, "initiation, elongation, termination, and ribosome recycling" (72) . In brief, the 30S and 50S ribosome subunits form the 70S ribosome, which binds to the messenger RNA (mRNA). Each subunit contains ribosomal RNAs (rRNA); the 30S contains the 16S rRNA, and the 50S contains the 32S and 5S rRNAs. The rRNAs play a role in the initiation and synthesis of proteins by acting as a scaffold. The 16S rRNA, in particular, contains a sequence complementary to the start codon at its 3′ end and thus can bring the ribosome and mRNA together to initiate protein synthesis (73) .
The ribosome also possesses specific transfer RNA (tRNA) sites that facilitate the synthesis of the polypeptide chain as the ribosome moves along the mRNA. Each of these sites has particular roles; the aminoacyl-tRNA site (Asite), on the 16S rRNA, accepts new tRNAs, the peptidyltRNA site (P-site) houses the initiator tRNA and the subsequent growing polypeptide chain, and the E-site is the site at which the deacylated tRNA exits the ribosome (72, 74) . At initiation, the start codon of the mRNA is located at the P-site with the initiating tRNA carrying the first amino acid of the polypeptide, typically a methionine. Aminoacyl-tRNAs are delivered to the A-site where codon-anticodon recognition and proofreading take place to ensure that the proper amino acid is delivered and added to the growing polypeptide chain (75) . The polypeptide is formed between the nascent amino acid at the P-site and at the A-site via peptidyltransferase (74) . The peptidyl-tRNA is deacylated and enters the E-site, while the aminoacyl-tRNA, containing the new polypeptide, moves into the P-site, allowing for a new aminoacyl-tRNA to deliver the next amino acid to the ribosome (74) . Elongation of the polypeptide chain continues in this fashion as the ribosome moves along the mRNA until a stop codon is encountered; at this point, translation is terminated and the polypeptide is released.
Cocrystal structures show that aminoglycosides bind the bacterial ribosome at the 30S subunit with high affinity to the A-site on the 16S rRNA (76) (77) (78) . The various members of the aminoglycoside class have different specificities for different regions on the A-site but all are thought to alter conformation. Binding to the 16S rRNA, in turn, impacts protein synthesis by inhibiting initiation, blocking elongation, and promoting misreading of the codon after delivery of the aminoacyl-tRNA, leading to error-prone translation after initiation. Furthermore, error-prone translation causes membrane damage, which is thought to also contribute to cell killing ( Fig. 1C) (48, 51, 56, 62, (79) (80) (81) (82) (83) (84) .
Inhibition of translation has been demonstrated in vitro and in whole-cell experiments. Incorporation of 14 Cvaline into polypeptides was measured in an in vitro translation assay in the presence of spectinomycin using E. coli extracts from spectinomycin-susceptible and -resistant strains (79) . Incorporation of valine was inhibited by spectinomycin in cell extracts from a spectinomycin-susceptible isolate but was unaffected in cell extracts from a spectinomycin-resistant isolate. Wholecell experiments assessing incorporation of 35 S-labeled amino acids into total cellular protein similarly showed dose-dependent decreases in translation with neomycin and paromomycin treatment (81) .
In addition to inhibiting translation overall, aminoglycosides have been shown to promote mistranslation. Early work demonstrated that aminoglycosides act on the ribosome before the initiation of protein synthesis, leading to overall inhibition of translation, and they also act after initiation to promote codon misreading, resulting in error-prone protein synthesis (82, 83) . Induction of misreading by streptomycin and other aminoglycosides was observed with chain-elongating noninitiating ribosomes (purified polysomes) that were limited for certain aminoacyl-tRNAs (85) . In this work, it was shown that when the elongating ribosomes reached a codon for a missing aminoacyl-tRNA, the aminoglycosides promoted rapid substitution of another aminoacyl-tRNA, allowing for continued synthesis of the polypeptide. The degree of amino acid incorporation that was stimulated by the aminoglycosides varied with aminoglycoside concentration, providing additional evidence that aminoglycosides act on additional steps of translation beyond initiation.
AMINOGLYCOSIDE STRUCTURE GROUPS
The aminoglycoside class of antibiotics is composed of four different core structural groups (Fig. 2) . In three of the four structure groups, an aminocyclitol 2-deoxystreptamine (DOS) ring is linked to amino sugars saturated with amino and hydroxyl substitutions. Molecules that contain a DOS ring are mono-substituted (e.g., apramycin, neamine), 4,5-disubstituted (e.g., neomycin B, paromomycin, and ribostamycin), and 4,6-disubstituted (e.g., amikacin, kanamycin, tobramycin, gentamicin, sisomicin, netilmicin, arbekacin, plazomicin); underlined molecules are depicted in Fig. 2 (86, 87) . The fourth structural group contains a streptidine ring instead of a DOS ring (e.g., streptomycin) (86) . While these four structural classes of aminoglycosides all confer bactericidal activity via protein synthesis inhibition, they differ in their ability to evade bacterial resistance mechanisms, specifically the AMEs and 16S rRNA methyltransferases (16S-RMTases).
AMINOGLYCOSIDE RESISTANCE MECHANISMS
A variety of aminoglycoside resistance mechanisms exist, including chemical modification of aminoglycosides by AMEs, target site modification via methylation (16S-RMTases) or via chromosomal mutation, and efflux and/ or permeability mutations. AMEs and 16S-RMTases are thought to arise from organisms that produce aminoglycosides (e.g., Streptomyces spp., Micromonospora spp.) or via mutation, upregulation, or evolution of normal cellular genes (87, 88) .
The aminoglycoside-producing Streptomyces spp., including S. fradiae (neomycin), S. ribosidificus (ribostamycin), and S. kanamyceticus (kanamycin), encode AMEs of the APH and AAC class, providing intrinsic protection from the aminoglycoside that the organism synthesizes (89) . AMEs are also involved in normal cellular function, such as in the nonaminoglycoside producer, Providencia stuartii, which encodes a chromosomal AME AAC(2′)-Ia, whose primary function is to acetylate peptidoglycan during cell wall turnover in the cell wall biosynthesis pathway (88) . The expression of this chromosomal AME is typically at a low level, dependent on environmental conditions, and is not inducible by aminoglycosides; thus, mutation for overexpression is required to result in aminoglycoside resistance. Furthermore, the phosphotransferases are distantly related to eukaryotic serine/threonine and tyrosine kinases, while the nucleotidyltransferase ANT (4′′)-I is related to DNA polymerase β (90). Another example of intrinsic resistance in aminoglycoside producers is via the 16S-RMTases. Genes that encode this methyltransferase enzyme are found in the chromosomes of aminoglycoside-producing organisms such as the kgmA (kanamycin-gentamicin resistance methylation) gene in Monardella purpurea and the kamA (kanamycinapramycin resistance methylation) gene in Streptomyces tenjimariensis (91) .
Notably, in nonaminoglycoside producers, AMEs and 16S-RMTase mechanisms are predominantly acquired on mobile elements to confer aminoglycoside resistance (as described below). Chromosomal target site mutations are rare because of the multiple copies of the target 16S rRNA in most bacterial species, while mutations in efflux mechanisms and cell permeability, which reduce the intracellular concentration of aminoglycosides, are a resistance mechanism not unique to aminoglycosides. As is the case with all antibiotics, the development of bacterial resistance to each member of the aminoglycoside class followed its introduction. This section describes in more detail the mechanisms by which bacteria can acquire or develop resistance to aminoglycoside class members.
Acquired Resistance Mechanisms
Aminoglycoside-modifying enzymes AMEs are the most common mechanism of resistance to aminoglycosides in clinical isolates (56, 92) . AMEs are composed of three classes that render aminoglycosides inactive via acetylation (acetyltransferases; AAC), adenylation (nucleotidyltransferases; ANT), or phosphorylation (phosphotransferases; APH). The genes encoding these enzymes are frequently found on mobile elements (i.e., plasmids or transposons) that encode other antibiotic resistance genes, such as extended-spectrum β-lactamases (ESBLs) and carbapenemases, and thus are often found in MDR Gram-positive and Gram-negative bacteria (56) . Notably, aminoglycoside-resistant clinical isolates often possess more than one AME gene; there have also been reports of AME genes encoded on the same plasmid as a 16S-RMTase gene (92) (93) (94) (95) . The three AME classes include multitudinous numbers of subclass enzymes, and hundreds have been reported, each varying slightly in its specificity for target aminoglycosides (56, 92) . A depiction of each of the chemical modifications with example aminoglycosides is presented in Fig. 3 .
As described above, the structure of aminoglycosides impacts their accessibility to certain AMEs. Over the years, a number of semisynthetic aminoglycoside molecules have been designed to evade these resistance mechanisms (Fig. 4) . The first was dibekacin, which was synthesized from a kanamycin scaffold; arbekacin was subsequently synthesized from dibekacin, resulting in a molecule inaccessible to a number of important Grampositive AMEs, including APH, ANT, and AAC class members (Fig. 4A) (96) . Three aminoglycosides were developed by modification of existing aminoglycosides at the 1-NH group, specifically amikacin (from kanamycin; addition of (S)-4-amino-2-hydroxybutyrl group; Fig. 4B ), isepamicin (from gentamicin B; addition of an (S)-3-amino-2-hydroxypropionyl group; Fig. 4C ), and netilmicin (from sisomicin; addition of an ethyl group; Fig.  4D ) (97) . Plazomicin was also developed from sisomicin, which naturally lacks 3′-and 4′-OH groups, making it inaccessible to APH(3′) and ANT(4′) class enzymes (4). Modification of sisomicin via addition of a hydroxyethyl group at the 6′ position and a hydroxyl-aminobutyric acid (HABA) group at the N-1 position block clinically important AMEs, AAC(6′), and AAC(3), ANT(2″) and APH(2″), respectively, resulting in the ability of plazomicin to evade nearly every clinically relevant AME (Fig. 4D) (4, 98) .
Acetyltransferases
The AAC class of enzymes acetylates amino groups (-NH 2 ) on aminoglycoside molecules (Fig. 3A) . The enzymes are members of the GCN5-related N-acetyltransferase (GNAT) superfamily (99) . There are four subclasses of this enzyme: AAC(1), (2′), (3), and (6′). Subtypes within the latter two subclasses (AAC(3) and AAC(6′)) are the most widespread enzymes, found in both Gram-positive and Gram-negative organisms. Depending on the spe-cific variant, AAC(3) and AAC(6′) confer resistance to aminoglycosides including gentamicin, amikacin, and tobramycin; as described above, plazomicin maintains activity against isolates that encode these enzymes. IIa (94, 101) . These enzymes, along with AAC(3)-IVa, were also reported to be prevalent in carbapenem-resistant Enterobacteriaceae spp., predominantly Klebsiella pneumoniae (102, 103), demonstrating that aminoglycoside resistance is commonly observed with resistance to other classes of antibiotics.
The most common AAC class member observed in aminoglycoside-resistant clinical isolates of the Gramnegative glucose nonfermenter, P. aeruginosa, is also AAC(6′)-Ib, which is reported as a major contributor to amikacin and tobramycin resistance (93, 104, 105) . 
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Other AAC class members have also been reported in P. aeruginosa with less prevalence, including AAC(3)-Ia, AAC(3′)-II, and AAC(3)-IV (93, 104, 105) . AAC(3)-Ia and AAC(6′)-Ib have also been reported in amikacinresistant Acinetobacter baumannii clinical isolates (105, 106) .
Phosphotransferases
The APH class of enzymes transfer a phosphate group from ATP to a hydroxyl (-OH) group on the aminoglycoside molecule (Fig. 3B) . There are 7 subclasses of phosphotransferases, specifically APH(2″), (3′), (3″) (4), (6), (7″), and (9) . Several of these classes of enzymes are not relevant to clinical aminoglycoside resistance and are utilized for molecular genetics and cloning purposes in the laboratory. These enzymes include APH(4), which only confers resistance to hygromycin; APH(6), which only confers resistance to streptomycin; APH(7″), which only confers resistance to hygromycin; and APH(9), which only confers resistance to spectinomycin (56) . Furthermore, APH(3″), which only confers resistance to streptomycin, is limited in its distribution and was first reported on the chromosomes of S. griseus and Mycobacterium fortuitum and subsequently on mobile elements (56) . However, some enzymes within this class are widespread mediators of clinical aminoglycoside resistance. Members of the APH(3′) class of enzymes confer resistance to amikacin, kanamycin, and neomycin in both Gram-negative and Gram-positive bacteria (4, 56, 107).
Aminoglycoside-resistant Gram-negative species encode a number of APH(3′) class members, including APH(3′)-VIa observed in Enterobacteriaceae spp. clinical isolates from Europe (101) and APH(3″)-Ia in carbapenem-resistant K. pneumoniae from the United States (103). Furthermore, APH(3′) class members are quite prevalent in the Gram-negative glucose nonfermenters. In P. aeruginosa, APH(3′) class members, including APH(3′)-Ia, APH(3′)-VI, and APH(3′)-IIb were each reported in individual studies as the most prevalent AMEs in MDR aminoglycoside-resistant P. aeruginosa clinical isolates from the United States, Korea, and Iran, respectively (93, 104, 105) . Across each of these studies, the APH(3′) enzymes were also found present with additional AMEs, such as AAC(6)-I and APH(3′)-VI (93) . Similarly, in A. baumannii, APH(3′)-VIa was the most prevalent AME reported in amikacin-resistant isolates from Iran (105), while APH(3′)-Ia was also reported as frequently detected in this same study, and was prevalent in isolates from China (106) . APH(3′)-IIIa is prevalent in Gram-positive organisms, including MRSA, and confers resistance to amikacin, isepamicin, and kanamycin, among other aminoglycosides (56, 95) . In addition, APH(2″) enzymes confer resistance to gentamicin in Gram-positive organisms, including the variant APH(2″)-Id (or -IVa), which has only been reported in Enterococcus spp. (108) , and the fused enzyme, AAC(6′)-Ie-APH(2″)-Ia, which is highly prevalent in Staphylococcus spp., including MRSA (95, 109, 110) .
Adenyltransferases
The ANT class of enzymes transfers an adenosine monophosphate (AMP) group from ATP to a hydroxyl (-OH) group on the aminoglycoside molecule (Fig. 3C ). Five subclasses of the enzyme exist: ANT(2″), (3″), (4′), (6) , and (9) (56, 111). Members of the ANT class of enzymes (3″, 4′, 6, and 9) are predominantly found in Gram-positive organisms including Bacillus spp., Enterococcus spp., Staphylococcus spp., and Campylobacter spp. Specifically, the ANT(4′) and ANT(4″) are predominant in Enterococcus spp. and S. aureus, including MRSA, and confer resistance to amikacin, tobramycin, and isepamicin (56, 95) . There have been two reports of ANT(4′)-IIa found in Pseudomonas spp. and Enterobacteriaceae (56).
The ANT(2″)-Ia enzyme, found in Gram-negative organisms only, is the most prevalent ANT enzyme. This AME has been reported in Enterobacteriaceae and P. aeruginosa at a lower frequency than observed for the AAC and APH class enzymes, but it is still an important contributor to aminoglycoside resistance (94, (102) (103) (104) . Alternatively, in A. baumannii, ANT(2″)-Ia (as well as ANT(3′)-Ia) was reported to be prevalent in MDR clinical isolates (105, 106) .
16S Ribosomal RNA methyltransferases
In addition to AME-mediated direct modification of aminoglycosides, modification of the aminoglycoside ribosomal target can confer aminoglycoside resistance. The 16S-RMTase enzymes methylate nucleotide residues on the 16S rRNA, thereby blocking aminoglycoside binding and conferring resistance (MICs ≥128 μg/ml). Notably, resistance to nearly all aminoglycosides is conferred by this mechanism (87, 91, 112, 113 (116) . Since then, a number of enzymes have been reported in a variety of Gram-negative species, including ArmA, RmtB1, RmtB2, RmtC, RmtD1, RmtD2, RmtE, RmtF, RmtG, and RmtH. These enzymes impact all 4,6-disubstituted aminoglycosides, including plazomicin, amikacin, gentamicin, and tobramycin (Table 1 ). In addition to rendering 4,6-disubstituted aminoglycosides inactive, NpmA (a member of the second class of 16S-RMTases) also renders 4,5-disubstituted and monosubstituted aminoglycosides, including neomycin and apramycin, inactive (Table 1) . Clinical isolates with NpmA are rare, with only two reports currently in the literature (117, 118) .
Highly aminoglycoside-resistant A. baumannii are frequently associated with 16S-RMTases. The most prevalent 16S-RMTases in these organisms are ArmA and RmtB, and both are often associated with β-lactam resistance mechanisms, CTX-M, NDM, and OXA-23 (87, 106, (119) (120) (121) . Although the first 16S-RMTase was found in a P. aeruginosa isolate, these enzymes are less prevalent in P. aeruginosa, but ArmA, RmtA, RmtB, and RmtD have also been described in aminoglycoside-resistant clinical isolates (87, 119, 120, 122) .
The widest variety of 16S-RMTases are found in Enterobacteriaceae spp. (predominantly K. pneumoniae) with reports of ArmA, RmtB-RmtH, as well as the two reports of NpmA (87, 102) . Similar to A. baumannii, the resistance mechanisms are often linked with resistance to other antibiotic classes, including resistance to β-lactams CTX-M, KPC, OXA, and plasmid-mediated quinolone resistance (QnrA and B) (87, 112, 118, (123) (124) (125) . A high prevalence of 16S-RMTases among NDM producers exists in China and India (87, 112, 113) . Overall, these enzymes are rarely reported in the United States. For instance, there were no 16S-RMTases found in a large set of Enterobacteriaceae spp. clinical isolates collected in 2016 from U.S. hospitals and surveyed as part of a global surveillance program (94) . In Europe, the most recently reported rate was 1.4%, from a 2014 to 2015 global surveillance program of Enterobacteriaceae spp. (101) .
Chromosomal Resistance
Target site mutations Target site-based mutations are not typically observed with aminoglycosides because most species have multiple copies of rRNA-encoding genes, and resistance via this mechanism would thus require every copy of the gene to be mutated. Mycobacterium and Borrelia are unique genera with either a single copy of the entire ribosomal operon or a single copy of 16S rRNA, respectively (126, 127) , and thus ribosomal mutations have conferred clinical resistance in these genera. In Mycobacterium tuberculosis, high-level resistance to streptomycin can result from mutations in the genes rrs and rpsL encoding two components of the ribosome, the 16S rRNA (128, 129) and the S12 protein (128, 130), respectively. High-level resistance to amikacin and other 2-deoxystreptamine aminoglycosides has also been observed in Mycobacterium abscessus and Mycobacterium chelonae clinical isolates due to mutations in the genes encoding 16S rRNA (131) . In Borrelia burgdorferi, high-level resistance to spectinomy- cin and other aminoglycosides has been observed due to mutations in the 16S rRNA and the S12 protein (132); however, aminoglycosides are not commonly used to treat infections caused by this pathogen.
Efflux
Resistance nodulation division (RND) efflux systems play a major role in Gram-negative bacterial antimicrobial resistance (133, 134) . The tripartite efflux systems consist of a transporter protein connected to a membrane fusion protein localized in the periplasmic space, which then connects the transporter to the outer membrane pore (OMP) to form a channel to actively export substrates, including antibiotics, via the proton motive force. As such, clinically relevant Gram-negative pathogens, such as P. aeruginosa, Acinetobacter spp., and Enterobacteriaceae, encode RND systems attributed to aminoglycoside resistance (133, (135) (136) (137) . Furthermore, many efflux pumps are constitutively expressed, and as a result, some species exhibit intrinsic resistance to various antibiotics (see "Intrinsic Resistance") (133, 134, 138) . In addition, mutations in regulatory genes that derepress expression and/or result in overexpression of the pump can confer high-level antibiotic resistance.
The glucose nonfermenters, P. aeruginosa and Acinetobacter spp., contain important RND efflux systems that, when overexpressed, contribute to clinical resistance. The Mex (multiple efflux) XY-OprM system in P. aeruginosa initially contributes to low-level intrinsic resistance to aminoglycosides as well as other antibiotics such as tetracycline (139) . Mutations in the mexZ repressor, which regulates expression of the mexXY operon, have been demonstrated to result in pan-aminoglycoside resistance in clinical isolates (122, 135) . Additionally, mutations in other genes, such as parR, a member of the parRS twocomponent regulatory system, have been demonstrated to confer overexpression of mexXY (140) . As a result, overexpression of this efflux system plays an important role in aminoglycoside resistance of P. aeruginosa clinical isolates, in particular, in chronic lung infections of cystic fibrosis patients (122, 141) . Similarly, overexpression of the RND family Ade (Acinetobacter drug efflux) ABC efflux system via mutations in the AdeRS twocomponent regulator contributes to aminoglycoside resistance in clinical isolates of Acinetobacter spp. as well as to the resistance of diverse classes including fluoroquinolones, tetracyclines, β-lactams, and macrolides (136, 142, 143) .
The AcrAD-TolC efflux system of E. coli and its homologs in Enterobacteriaceae spp. are also capable of exporting aminoglycosides as well as other antibiotics (92, 133, 137) . Overall, clinical resistance to aminoglycosides via efflux pumps in Enterobacteriaceae spp. is rarely reported; this could hypothetically be due to the prominence of AMEs, which may reduce the selection pressure for efflux-mediated mechanisms. Alternatively, or in addition, efflux mutations may have a fitness cost that is different from AMEs (92, 137) .
Permeability
Other antibiotic classes (e.g., β-lactams, fluoroquinolones, tetracyclines) traverse the bacterial membrane through porins, and, as a result, porin loss can confer resistance to these antibiotic classes. The limited data available suggest a potential role for porins in aminoglycoside entry and resistance, but this has not been definitively demonstrated in clinical isolates. Aminoglycosides have been shown to diffuse efficiently through porins in an in vitro system, and E. coli mutants lacking the major porin OmpF are resistant to aminoglycosides (69) (70) (71) . E. coli OmpF mutants have also been found to have reduced survival compared to wild type, which suggests that these mutants may be rarely encountered in the clinic (144) . It is likely that the prominence of plasmidic-based aminoglycoside resistance mechanisms, such as AMEs, negates the necessity for selection of porin-based mutations to confer aminoglycoside resistance in clinical pathogens.
Intrinsic Resistance
The aminoglycoside class lacks activity against obligate anaerobic bacteria (145) . Uptake of aminoglycoside molecules requires active electron transport, and thus, under strict anaerobic conditions, aminoglycosides cannot be taken up by the cells (56, 57, 59, 60, 145) . Several aerobic bacterial species are also intrinsically resistant to aminoglycosides, including the Gram-negative organisms Burkholderia cepacia complex, Stenotrophomonas maltophilia and Achromobacter xylosoxidans, and the Gram-positive organisms Enterococcus faecalis, Enterococcus faecium, and Enterococcus gallinarum/casseliflavus.
Intrinsic resistance is common across multiple drug classes in both B. cepacia complex, S. maltophilia, and A. xylosoxidans organisms; and there is substantial evidence to suggest that various efflux pumps are responsible for the observed resistance in these species (133, (146) (147) (148) (149) . For instance, the AmrAB-OprA RND efflux pump, an ortholog of the P. aeruginosa MexXY-OprM pump, has been shown to be a major contributor to intrinsic aminoglycoside resistance observed in Burkholderia pseudomallei, while the SmeJK pump is attributed to aminoglycoside resistance in S. maltophilia (133, 138) . Additionally, AMEs, like the chromosomal AME aac(6′)-Iz found in Stenotrophomonas spp., can contribute to intrinsic resistance against some aminoglycosides (150) . Likewise, in Enterococcus spp., intrinsic resistance is linked to expression of chromosomal AMEs including those encoded by the aac (6′)-Ii gene and the efmM gene, which encodes a 16S rRNA methyltransferase (151, 152) .
REJUVENATION OF THE AMINOGLYCOSIDE CLASS Plazomicin: A Recently Approved Aminoglycoside
Plazomicin is an aminoglycoside (as described above) that was approved in June 2018 by the FDA for use in patients 18 years of age or older for the treatment of complicated urinary tract infections (cUTIs), including pyelonephritis, caused by susceptible E. coli, K. pneumoniae, Proteus mirabilis, and Enterobacter cloacae. Approval was primarily based on results from the Phase 3 EPIC trial (NCT02486627), a randomized, multinational, double-blind, comparator-controlled noninferiority trial that evaluated the efficacy and safety of plazomicin, administered as a once daily 15 mg/kg intravenous (IV) infusion, versus meropenem in adult patients with cUTI, including acute pyelonephritis (AP) (153) . The U.S. prescribing information indicates that plazomicin should be reserved for use in cUTI patients who have limited or no alternative treatment options (154) . In vitro data for other aerobic Gram-negative bacteria, including Citrobacter spp., Klebsiella spp., Morganella morganii, Proteus vulgaris, Providencia stuartii, and Serratia marcescens is also noted as available, but that efficacy has not been established in infections caused by these bacteria in clinical trials.
Short-duration (30 minutes), once daily dosing of plazomicin 15 mg/kg administered by intravenous infusion is recommended based on creatinine clearance (CL CR ) ≥ 90 ml/min; severity of infection and clinical status of the patient is to guide duration of therapy (154) . Dose adjustments in patients with moderate or severe renal impairment are recommended based on estimated CL CR . Furthermore, trough-based TDM for patients with renal impairment (CL CR ≥15 and ≤90 ml/ min) is recommended.
Plazomicin (15 mg/kg IV infusion once daily) was also studied in an open-label, comparator-controlled pathogenfocused study, the CARE trial (NCT01970371), in patients with serious infections caused by carbapenem-resistant Enterobacteriaceae (CRE). Two cohorts of patients were enrolled in this trial. Cohort 1 was a randomized, openlabel, cohort comparing the efficacy and safety of plazomicin to that of colistin, each in combination with adjunctive meropenem or tigecycline, in adult patients with bloodstream infection (BSI), hospital-acquired bacterial pneumonia (HABP), or ventilator-associated bacterial pneumonia (VABP) due to CRE. Cohort 2 was an observational, single-arm cohort evaluating plazomicinbased therapy in patients with BSI, HABP/VABP, cUTI, or AP due to CRE who were not eligible for inclusion in the randomized cohort (155) .
Aminoglycoside-associated toxicities including nephrotoxicity, ototoxicity, and neuromuscular blockade were monitored during these two phase 3 studies. In accordance with the aminoglycoside class, black box warnings are provided in regard to nephrotoxicity, ototoxicity, and neuromuscular blockade and the U.S. Prescribing Information (USPI) clinical trial experience for plazomicin reports observations of nephrotoxicity and ototoxicity (154) . For more information, we direct the reader to refer to the full USPI for plazomicin (154) . Further, details of both phase 3 studies are in preparation for future publications.
Design Strategies for Future Aminoglycosides
As described above, there have been many modification strategies discovered to overcome AME-mediated aminoglycoside resistance (156) . Because of the success of these strategies, researchers have now turned to the more challenging task of identifying additional modifications that will reduce the nephrotoxic and ototoxic potential of this antibiotic class. If these two dosing-limiting toxicities could be reduced, then it is expected that higher exposures may be safely achieved, allowing for broader coverage against additional resistance mechanisms such as efflux upregulation or decreased membrane permeability. Furthermore, an improvement in safety would likely enable effective treatment of difficult-to-treat infections caused by P. aeruginosa and A. baumannii, in particular, because these organisms possess more challenging outer membrane barriers and more complex efflux machinery than do other species, such as those in the Enterobacteriaceae family.
The identification of aminoglycoside modifications that would reduce nephrotoxicity and ototoxicity is challenging because the atomic level interactions associated with the processes leading to these toxicities, which would be required to enable rational design, are not entirely understood. As described above, the toxicity caused by aminoglycosides is highly localized; the proximal tubule cells of the kidney and the hair cells of the cochlea are impacted, but the mechanism behind this is still unclear. Because the toxicities are highly localized, it is presumed that a specific molecular recognition event mediates the access of the aminoglycoside to the target cells. Several researchers have proposed that the receptor partnership of megalin and cubilin may control aminoglycoside accumulation in the target cells of both the proximal tubule cells and hair cells, but definitive experiments that rule out the potential role of other uptake mechanisms have not been exhaustively performed. Preventing entry into the specific cells associated with aminoglycoside toxicity would presumably be a viable strategy to reduce toxicity regardless of the downstream inner cellular distal and proximate causes of the toxicity.
In addition to preventing eukaryotic cell entry, many researchers also focus on addressing the more proximate cause of the nephrotoxicity, which is hypothesized to be aminoglycoside binding to the eukaryotic cytoplasmic and/or mitochondrial ribosome. The advantage of this approach is that the molecular details of these binding interactions are better understood and therefore more amenable to rational design of new aminoglycosides containing modifications that differentially effect eukaryotic versus prokaryotic ribosomal binding. Model systems of the aminoglycoside binding sites for the eukaryotic cytoplasmic and mitochondrial as well as the bacterial ribosome have been employed extensively to study these interactions (157) (158) (159) . In addition, recent structures of more complete eukaryotic ribosomes promise researchers an even fuller view of how aminoglycosides interact with their target sites (160, 161) . Such structures may allow for even more sophisticated design strategies to improve bacterial over eukaryotic ribosomal binding.
The most recent approaches toward improving the therapeutic window of aminoglycosides by either increasing antibacterial potency without changing toxicity or maintaining antibacterial potency while reducing toxicity are briefly described below. For earlier reviews on this topic, we direct the reader to the following references (162) (163) (164) .
Perhaps the most exciting advancement is the discovery of 2-OH arbekacin (165). In this work, the authors installed a hydroxyl group onto the 2 position of the central ring of the arbekacin. This strategy was inspired by the observation that streptomycin, which also has a hydroxy group in analogous 2 position, demonstrates relatively low nephrotoxicity compared to other aminoglycosides. The new 2-OH arbekacin compound was assessed for in vitro microbiological activity against several species with and without the presence of AMEs. Potent antibacterial activity was observed for this 2-OH arbekacin derivative, and the activity was similar or improved relative to arbekacin. The arbekacin derivative and arbekacin were also tested side-by-side in a rat nephrotoxicity study, although the doses and duration used were not reported. Assuming the exposures were the same, 2-OH arbekacin displayed significantly lower levels of blood urea nitrogen and serum creatinine, biomarkers typically used as indicators of nephrotoxicity, when compared to arbekacin. Histopathological observations were consistent with the observed biomarker reduction showing marked findings for arbekacin but no findings for the 2-OH arbekacin compound. These encouraging results demonstrate that a relatively small change on the central ring of the 4,6-linked arbekacin aminoglycoside can significantly reduce nephrotoxicity without disrupting microbiological potency, thereby improving the therapeutic window of arbekacin.
Another recent publication examined the role of potentially nephroprotective modifications on the 4,6-linked aminoglycoside sisomicin (166) . In this study, the authors report that ribosomal selectivity (i.e., the binding preference of the aminoglycoside for the bacterial ribosomal target over the eukaryotic cytoplasmic or mitochondrial ribosome) improved with the addition of a 6′-hydroxyethyl group on the sisomicin scaffold. In contrast, the authors report that the addition of the N1 HABA group to sisomicin has the opposite effect on ribosomal selectivity. Thus, the addition of both groups, which converts sisomicin to plazomicin, would result in a net effect of no change to the expected therapeutic window. The authors further speculate, based on ex vivo studies with mouse cochlear explants, that when both modifications are present on the sisomicin scaffold, the ototoxic potential of plazomicin will be similar to that of gentamicin. The extent to which the ex vivo model is predictive of outcomes in the standard preclinical guinea pig model of ototoxicity or of human clinical outcomes is currently unconfirmed, but data for plazomicin are discussed above.
As described earlier, one limitation of all known 4,6-linked aminoglycosides is that they are ineffective against bacteria encoding 16S-RMTases (Table 1) . For this reason, some researchers are now turning to the 4,5-linked aminoglycosides, which are largely not affected by the methylation activity of nearly all 16S-RMTases (Table 1) . Recent efforts have been made to make 4,5-linked aminoglycosides more selective for the bacterial ribosome. In one study, 4′-O modifications were installed on the 4,5-linked aminoglycoside paromomycin and in another study, N6′-hydroxyethyl and 4′-O-ethyl modifications were installed on the neomycin core (167, 168) . In both cases, the modifications increased the ribosomal binding selectivity with little or no reduction in antibacterial potency (167) . Whether the improvement in ribosomal binding selectivity in favor of binding the bacterial versus eukaryotic ribosomes translates to a significant reduction in in vivo nephrotoxicity and ototoxicity remains to be tested.
Research groups at Meiji Seika Pharma Co. have recently synthesized derivatives of apramycin, an atypical aminoglycoside that is also not affected by most 16S-RMTases (Table 1 ) (169, 170) . The researchers found multiple modifications of apramycin at the 4″, 5, and 6 positions conferred enhanced potency against a panel of challenging Gram-positive and Gram-negative bacterial pathogens. One particular compound, TS3112, was reported to possess efficacy against 16S-RMTase-producing strains of K. pneumoniae, P. aeruginosa, and A. baumannii in a murine thigh infection model. In a 10-day repeat dose study in rats, TS3112 demonstrated a toxicity profile similar to gentamicin. Whether this compound or further modifications of this compound can be made to significantly improve the therapeutic window remains to be tested.
Finally, Achaogen is focused on the development of a 4,5-linked aminoglycoside capable of overcoming clinically relevant resistance mechanisms, including 16S-RMTases, for the potential of treating highly resistant Gram-negative pathogens including Enterobacteriaceae, A. baumannii, and P. aeruginosa. The development of a new synthetic route has enabled the exploration of further structuretoxicity relationships in this aminoglycoside class that were not previously accessible. The details of this synthetic approach, as well as results pertaining to the potential improvements to the therapeutic window of these new aminoglycosides, will appear in forthcoming publications.
CONCLUDING REMARKS
Aminoglycosides have been an important antibiotic class since their introduction in the 1940s. Their mechanism of action, resulting in rapid bactericidality and prolonged postantibiotic effect, is unique, because all other bacterial protein synthesis inhibitors are only bacteriostatic. Furthermore, the synergy observed when combined with other antibiotic classes, particularly the β-lactams, provides expanded utility for therapy in the face of serious infections due to MDR organisms. The recent resurgence of interest in the class provides an opportunity for the collection of contemporary data on clinical utility and optimized dosing, as well as a call to action to monitor aminoglycoside susceptibility and the prevalence of aminoglycoside resistance mechanisms in clinically important pathogens. Expansion of the aminoglycoside class, through thoughtful development, will help fill an important unmet need in the antimicrobial armamentarium against the ever-expanding spread of MDR pathogens, particularly those that encode resistance to last-line β-lactam-β-lactamase inhibitors, carbapenems, and polymyxins. The recent approval of plazomicin has the potential to pave the way for the development and approval of additional aminoglycosides and a resurgence of this historically important class of antibiotics.
